From the fresh leaf sheathes of lemongrass (Cymbopogon citratus) and rhizomes of galanga (Alpinia galanga) light yellow and colorless oils, respectively, were obtained by hydrodistillation and microwave assisted extraction (MAE) in yields of 0.24% and 0.03%, and 0.11% and trace (w/w), respectively. By GC/MS analysis, five major constituents were identified in lemongrass oil, E-citral, Z-citral, β-myrcene, selina-6-en-4-ol, and cis-ocimene, and five in galanga oil, 1,8-cineole, phenol 4-(2-propenyl)-acetate, dl-limonene, α-pinene, and α-terpineol. Three major components of the combined lemongrass and galanga oils (ratio 7:3, 1:1, 3:7) were 1,8-cineole (46.3%, 31.5%, 19.3%), E-citral (12.8%, 22.7%, 32.8%) and Z-citral (8.5%, 15.2%, 21.6%). The MICs of lemongrass and galanga oils were: against Staphylococcus aureus 0.5% and 4%, v/v, against Pseudomonas aeruginosa 40% and >40%,v/v, against Streptococcus bovis 0.25% and 0.5%, v/v, and against Candida albicans 0.25% and 0.5%, v/v. Citral (from lemongrass oil) gave greater potentiation than 1,8-cineole (from galanga oil). The combination profiles of galanga oil with lemongrass oil (volume ratios 3:7, 1:1, and 7:3) were tested against the four pathogenic microorganisms. Synergistic activity was best noted for only one ratio (volume ratio 3:7) as the fic< 1 against all tested microorganisms. The present investigation provides evidenc that the utilization of two essential oils in combination should be assessed for synergistic antimicrobial activity in order to reduce their minimum effective dose.
Lemongrass {Cymbopogon citratus (DC) Stapf.}, a tall perennial grass, is native to warm regions and grows in almost all tropical and subtropical countries [1] . It is widely used as an essential ingredient in Asian cuisines because of its sharp lemon flavor. The biologically active constituent of lemongrass is citral, which constitutes more than 75%, w/w, of its essential oil. Lemongrass essential oil is used to cure acne, oily skin, and scabies. It has also been used to combat flatulence, as a carminative, stimulant, emmenagogue and diuretic, for the treatment of headaches, and for blood circulation problems and excessive perspiration due to its antimicrobial, antibacterial and antifungal activities.
Galanga {Alpinia galangal (Linn.) Stuntz}, a member of the Zingiberaceae family, has been used as a herbal medicine in primary health care for the treatment of stomachache and diarrhea, and as a carminative [2] . Galanga has a characteristic fragrance as well as pungency; hence, its rhizomes are widely used as a condiment for food flavoring in Thailand. It has been shown that essential oils from both fresh and dried rhizomes of galanga have antimicrobial activities against bacteria, fungi, yeasts and parasites. Terpinen-4-ol, a monoterpene in the essential oil, has an antimicrobial activity against Trichophyton mentagrophytes. Acetoxychavicol acetate (ACA), a compound isolated from the npentane/diethyl ether-soluble extract, is active against some bacteria and many dermatophyte species. In addition, ACA has antiulcer and antitumor activities, as well as being an inhibitor of chemically induced carcinogenesis.
In this study the synergistic antimicrobial activities of combinations of extracts from lemongrass (Cymbopogon citratus) and galanga (Alpinia galanga) were evaluated against four pathogenic microorganisms: Staphylococcus aureus ATCC6538, Pseudomonas aeruginosa ATCC9027, Streptococcus bovis DMST18769 and Candida albicansATCC10231. Chemical compositions of the single and combined essential oils were also determined to provide further insight into antimicrobial constituents and their potential mechanisms of action.
The light yellow oil of C. citratus (lemongrass) and the colorless oil of A. galanga (galanga) were obtained by hydrodistillation and microwave-assisted extraction. Lemongrass oils were obtained in yields of 0.24% and 0.03% v/w, respectively, while the yields of galanga oils were 0.10% v/w and trace, respectively.
The chemical compositions of the distilled oils (D) were determined by gas chromatographic-mass spectrometric analysis and compared with commercial oils (C), as shown in Table 1 . Five major constituents were identified in lemongrass oil: E-citral (48.7% and 44.6%), Z-citral (31.7% and 33.7%), β-myrcene (3.9% and 5.2%), selina-6-en-4-ol (1.8% and 1.4%) and cis-ocimene (0.5% and 0.7%). The major constituents of galanga oil were 1,8-cineole (55.5% and 26.0%), phenol, 4-(2-propenyl)-acetate (5.1% and 2.3%), dl-limonene (2.3% and 0%), α-pinene (2.0% and 2.9%), and α-terpineol (1.9% and 0%). Three major chemical constituents of the combined distilled oils of galanga and lemongrass (ratio 7:3, 1:1, 7:3) were presented as 1,8-cineole (46.3%, 31.5%, 19.3%), E-citral (12.8%, 22.7%, 32.8%) and Z-citral (8.5%, 15.2%, 21.6%), respectively. Antimicrobial activities were determined by an agar disc diffusion method in terms of inhibition zone compared with positive antibiotic and negative controls, as shown in Table 2 . The MICs of the oils were determined against Staphylococcus aureus (0.5% and 4%, v/v), Streptococcus bovis (0.125% and 0.5%, v/v), Pseudomonas aeruginosa (40% and >40%, v/v) and Candida albicans (0.25% and 0.5%, v/v), as shown in Table 3 , whereas the MBCs were obtained against S. aureus (0.5% and >4% v/v), S. bovis (>4% and >4%, v/v), P. aeruginosa (40% and not determined) and C. albicans (0.25% and >4%, v/v), as shown in Table 4 . Table 1 : Chemical constituents of single and combined essential oils represented in GC-MS chromatograms.
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Combined essential oil is represented as the volume ratio of galanga and lemongrass oils; D = Distillation product; C = Commercial product. Table 2 : Antimicrobial activities of galanga oil and lemongrass oil determined by agar disc diffusion method (inhibition zone). Combined essential oil is represented as the volume ratio of galanga and lemongrass oils.
The combination profiles of galanga oil with lemongrass oil (volume ratios 3:7, 1:1, and 7:3) were tested against four pathogenic microorganisms. Synergistic activity was best noted for only one ratio (volume ratio 3:7), which displayed fic< 1 against all tested microorganisms, as shown in Table 5 . Combined essential oil is represented as the volume ratio of galanga and lemongrass oils.ND = not determined. Combined essential oil is represented as the volume ratio of galanga and lemongrass oils. Results were interpreted as synergy (fic< 1), addition (fic = 1), or antagonism (fic> 1). ND = not determined.
The antimicrobial activity of citral and 1,8-cineole, the major constituents of lemongrass oil and galanga oil, are shown in Table  6 ; the MICs showed that citral gave greater potentiation than 1,8cineole. Citral exists as a natural mixture of two isomeric aldehydes, geranial and neral. Some citral derivatives with potential bactericidal activity are generated using "green" thiol conjugate additions. It is a polyfunctional molecule that mediates a wide range of chemical transformations, mainly epoxidation reactions [3] .
The ethanol extract of galanga was shown to cause internal pH changes and denaturing of proteins inside the cell as well as disruption of the cytoplasmic membrane function of S. aureus cells, which resulted in a loss of cytoplasmic constituents and ions. This information shows how the chemical compounds in galanga extract can affect microbial morphology [4] . Trombetta et al. reported that the antimicrobial activity of essential oils came from perturbation of the lipid fraction of the microorganism's plasma membrane, resulting in alterations in membrane permeability and leakage of intracellular materials [5] . The sensitivity of Gram-positive over Gram-negative bacteria might be due to the lipophilic character of the components of the cell membrane of Gram-positive bacteria while the components of the cell membrane of Gram-negative bacteria displayed a hydrophilic character [5] [6] [7] [8] [9] . Thus, the lipophilic character of essential oils causes a greater antibacterial effect on Gram-positive than Gram-negative bacteria.
In conclusion, combinations of lemongrass and galanga oils showed synergistic antimicrobial activity against four pathogenic microorganisms: S. aureus ATCC6538, P. aeruginosa ATCC9027, S. bovis DMST18769 and C. albicans ATCC10231. Results of the present investigation provide evidence that the utilization of two Cymbopogon citratus and Alpinia galanga essential oils Natural Product Communications Vol. 9 (2) 2014 279 essential oils in combination should be assessed for synergistic antimicrobial activity in order to reduce their minimum effective dose.
Experimental
Plant materials: Fresh leaf sheathes of C. citratus and rhizomes of A. galanga were purchased from a local market in Nakhon-Nayok, Thailand in July 2011. Voucher specimens were deposited at the Faculty of Pharmacy, Srinakharinwirot University, Nakhon-Nayok, Thailand. The plant materials were sliced into small pieces prior to extraction.
Extraction and isolation of essential oils: Hydrodistillation for 6 h was performed using a Clevenger-type apparatus according to the literature [10] .
Microwave-assisted extraction (MAE) was performed with a commercial microwave oven (2450 MHz, LG, Thailand) with a maximum delivered power of 1000W. A monomode closed solvent extraction system was used. The dimensions of the cavity were 293 mm × 320 mm × 210 mm. Temperature was monitored by an external infrared (IR) sensor installed on the inner wall and controlled by a feedback to the microwave power regulator. For MAE, 200 g of sample was put into a round-bottom flask with 400 mL water and microwave extraction was performed for 45 min. The resulting products were then separated and dried over anhydrous Na 2 SO 4 . The oils were stored at 4°C until used.
Separation and detection by GC-MS:
A TRACE GC 2000 (Thermo Finnigan, Waltham, MA, USA) gas chromatograph equipped with a split/splitless injector and a TRACE DSQ quadrupole mass spectrometer was used for identification of the components and quantitative composition [11, 12] . One μL of essential oil solubilized in dichloromethane was injected in splitless mode. A fused-silica capillary column BPX-5 (30 m × 0.25 mm i.d., 0.25μm film thickness) was employed with helium (purity 99.999%) as carrier gas at a constant flow-rate of 1.0 mL/min. The column temperature was programmed as follows: 60°C for 1 min and directly to 240°C at 3°C/min and holding for 10 min. The inlet pressure was 200kPa, and the linear velocity 1.0 mL/min (70°C). The injector temperature was kept at 250°C. The temperatures of the ionization source and transfer line were 250 and 280ºC, respectively. The electron energy was 70eV. Mass spectra were obtained by automatic scanning of the mass range m/z 40-625 a.m.u. at 2.0 scan/sec.
Identification of GC components:
The individual peaks were identified by comparison of their retention indices with those of authentic samples, as well as by comparing their mass spectra with the NIST 05 library mass spectral database and literature. The percentage composition of compounds (relative quantity) in the essential oil was computed from the GC-MS peak areas using the normalization method, without correction factors.
Screening of antimicrobial activities:
Antimicrobial activity was determined by modified agar disc diffusion and broth dilution methods [2, 13, 14] . Briefly, the Gram-positive bacterium, S. aureus was cultured in Tryptic soy broth (TSB, Difco, USA) and the yeast, Candida albicans in Sabouraud dextrose broth (SDB, Difco, USA) at 37°C overnight. A microbial suspension containing 10 8 CFU/mL of either bacteria or yeast was swabbed and spread on either Tryptic soy agar or Sabouraud dextrose agar, respectively. The essential oil (5 μL for lemongrass oil and 20 μL for galanga oil) was applied to a paper disc (6 mm in diameter) and placed on the inoculated agar. Amoxicillin (0.5mg/disc), and clotrimazole (15 mg/disc) were used as positive control standards to determine the sensitivity of the Gram-positive bacteria and yeast, respectively. The inoculated plates were incubated at 37°C for 24 h. The antimicrobial activity was evaluated by measuring the diameter of the inhibition zone (including the diameter of disc) against the test microorganisms. Three independent experiments were performed and each experiment was run in a replicate. [15] : In brief, all bacteria were cultured in Tryptic soy broth (TSB, Difco, USA) and the yeast in Sabouraud dextrose broth (SDB, Difco, USA) at 37°C overnight prior to use. Then the turbidity of the cultured microbial culture was adjusted with sterile distilled water to a concentration of approximately 10 8 cfu/mL. Either the essential oil or standard (citral and 1,8-cineole) was dissolved in 2% DMSO in the appropriate medium and then diluted 2-fold to make the stock solutions of various concentrations. The 96-well plates were prepared by applying 95 μL of either Tryptic soy broth or Saboraud dextrose broth and 5 μL of the inocula into each well. One hundred μL of each stock solution of the essential oil was added into the wells. The well containing 200 μL of the medium without the essential oil and inocula was used as negative control. Neomycin (0.25 mg/mL), amoxicillin (0.1 mg/mL), and clotrimazole (1 mg/mL), were used as positive controls. The plate was incubated at 37°Cfor 24 h. Microbial growth was determined by observed the reduction of 1%, w/v, TTC dye (PanReac, Spain) from pale yellow to red. The lowest concentration exhibiting no red color was the MIC. Three independent experiments were performed and each experiment was run in triplicate. [15] : All the concentrations used in the MIC studies that did not show any red color were further determined for MBC. An aliquot of 20 µL of the suspension was inoculated in 180 µL of either TSB or SDB for bacteria or yeast, respectively and incubated at 37°C for 24 h. The MBC was the lowest concentration in which the initial inocula showed no turbidity.
Minimum inhibitory concentration (MIC)
Minimum bactericidal concentration (MBC)
Calculation of the fic:
The sum of fractional inhibitory concentrations was the ratio of the concentrations of each antimicrobial agent to its own MIC in which there was no interaction between them, as calculated from the following equation [16] [17] [18] :
Where MIC A and MIC B are the MICs of the antimicrobial agents A and B, respectively; a and b are the concentrations of the antimicrobial agents presented in a mixture of A and B. Results were interpreted as synergy (fic< 1), addition (fic = 1), and antagonism (fic> 1).
